A supersonic cloud-cloud collision produces a shock-compressed layer which leads to formation of high-mass stars via gravitational instability. We carried out a detailed analysis of the layer by using the numerical simulations of magneto-hydrodynamics which deal with colliding molecular flows at a relative velocity of 20 km s high-mass star formation, we argue that cloud-cloud collision is a major mechanism of high mass star formation.
as shown by recent theoretical and observational works, and has become a possible alternative to the previous scenarios of high-mass star formation above, (2) and (3). Habe & Ohta (1992) showed that, in a supersonic collision between small and large molecular clouds, the small cloud creates a cavity in the large cloud, and the layer between the two clouds are strongly compressed to higher density, where a condition favorable for high-mass star formation is realized (Habe & Ohta 1992; Anathpindika 2010; Takahira et al. 2014) . After the onset of the collision, the two clouds show complementary distribution between the cavity and the small cloud, and the interface layer shows a broad bridge feature connecting the two cloud in velocity. Recent observations show that in more than 50 regions of high-mass star formation these observational signatures of collision are identified and typical cloud properties are derived such as density and mass of the colliding clouds. These objects includes HII regions and super star clusters in the Milky Way and the Local Group (e.g., M42/M43 Fukui et al. 2018a; M17 Nishimura et al. 2018; NGC6334 and NGC6357 Fukui et al. 2018b; RCW120 Torii et al. 2015; RCW38 Fukui et al. 2016; Wd2 Furukawa et al. 2009; Ohama et al. 2010; and NGC3603 Fukui et al. 2014) .
It is important to understand the detailed properties of the forming stars under a trigger of a cloud-cloud collision, and theoretical understanding of the physical properties of the colliding clouds is crucial. Magneto-hydrodynamic (MHD) numerical simulations were made for molecular gas flows colliding supersonically in a plane-parallel configuration by Inoue & Fukui (2013) , and showed that dense cores around 100 M , precursors of high-mass stars, are formed. These simulations showed that the layer is characterized by enhanced turbulence and magnetic field where the effective sound velocity is increased by several times depending on the collision velocity. As a result, a mass accretion rate, which is proportional to the third power of the effective sound speed, becomes as high as 10 −4 -10 −3 M yr −1 , which satisfies a value high enough to overcome the stellar radiation feedback (Wolfire & Cassinelli 1987) . Since the simulations include more details of the compressed layer such as the mass function of the dense cores, which were not presented by Inoue & Fukui (2013) , it is worthwhile to explore further the molecular gas properties in the simulations. Such a study will shed light on the time evolution in a cloud-cloud collision and help us to obtain an insight into the triggered high-mass star formation.
The aim of the present paper is to analyze the simulation data of Inoue & Fukui (2013) and to explore the details of the gas dynamics. In particular, we aim to derive a core mass function in a cloud-cloud collision and their detailed physical properties, which will allow us to make a comparison between the theory and the observations, and deepen our understanding of the role of cloud-cloud collision. This paper is organized as follows. Section 2 describes the model of Inoue & Fukui (2013) and Section 3 the outcomes of the simulations. Section 4 gives the dense core properties including the distribution of the cores and the core mass function.
Confrontations with the observations are given in Section 5. Section 6 compare the present results with the other theoretical scenarios, and Section 7 gives conclusions.
2 The model Figure 1 shows a three-dimensional view of the shock compressed layer in a volume rendering map at an epoch of 0.6 Myrs, where the three axes x, y and z are shown in a simulation box, which has a size of 8 pc in each axis and the pixel size is 8 pc/512 = 0.015 pc or 3000 AU.
Two colliding molecular flows along the x axis at 10 km s −1 in the box frame create the shock compressed layer in the central y-z plane of the box. The simulations were made in the ideal MHD with self-gravity. The molecular cooling time scale is less than 10 4 yrs and the gas is approximated to be isothermal at 12 K, corresponding to a sound speed of 0.2 km s −1 . The initial magnetic field is taken to be 20 µG and the field direction is chosen to be perpendicular to the collision velocity. The assumption does not substantially affect the final outcome because the colliding flows strongly compress the magnetic field lines in a direction perpendicular to the collision velocity. The initial gas density is 300 cm −3 with a density fluctuation of ∼ 30%. The model setup is summarized in Table 1 and more details are given in Inoue & Fukui (2013) . The calculations are made up to 0.7 Myrs and the numerical results are recorded every 0.1 Myrs.
3 Structure of the shock compressed layer and the formation of the dense cores
The shock compressed layer
The colliding gas has inhomogeneous density and velocity distribution. The flows create the compressed layer between them, which becomes denser and decelerated. The time evolution of the layer is shown as a density distribution along the x-axis at each epoch in Figure 3 . In 0.3 Myr the maximum density becomes more than 10 5 cm −3 and the fraction of the dense gas increases in time. Table 2 shows the gas mass in the compressed layer above 10 4 cm −3 . The full thickness of the compressed dense layer above 10 4 cm −3 is ∼ 1.5 pc in the x direction. After 0.4 Myr we find sharp narrow spikes which indicate formation of filaments and dense cores in the layer as detailed later. The fraction of the dense gas above 10 5 cm −3 is 10% -17% of the total gas mass of density above 10 4 cm −3 . Figure 4 shows a probability distribution function of density, where t = 0.0 Myr shows the initial condition. The collision creates the higher density tail above 10 4 cm −3 as well as the low-density tail below the initial density distribution produced by turbulence. The high-density tail characterizes the compression as expressed by a power law with an index of −3.0 -−2.0, which becomes flatter in time.
Dense cores in the filaments
The density distribution in the three-dimensional space is characterized by filaments which include dense cores. Figure 5 (a) shows the distribution of filamentary distribution identified as connected region with n > 10 5 cm −3 , where different filaments are indicated by different arbitrary colors. In each filament we define dense cores by using CLUMPFIND algorithm (Williams et al. 1994 ). The algorithm is designed to be applied to spectral line datasets, T (x, y, V ) data cubes, but here we use it to find cores in n(x, y, z) datasets. Inoue & Fukui (2013) explained that the distorted field lines guide the gas flow into dense cores in a filamentary shape (see their Figure 1 ). The created filaments are generally oriented perpendicular direction to the magnetic field. Filament formation is a common feature in a collision-compressed layer as shown in the other simulations of cloud-cloud collision (Inoue et al. 2018) . In this particular simulation by Inoue & Fukui (2013) , because the colliding two gas flows have different magnetic field orientations (perpendicular to each other), the directions of the resulting filaments are often crossing at 90 degrees. This crossing feature disappears if the magnetic field orientations are similar between the colliding clouds. Note that the crossing feature does not affect the mass distribution of the dense cores. We look into more details in Figure 6 , where the magnetic field lines and the velocity vector are shown in two typical regions with filaments. In Figures 6 we find that the filaments are well aligned in a direction perpendicular to the field line. This is a common feature around the filamentary distributions.
The velocity vectors in Figures 6(a) , on the other hand, do not show a very systematic trend and are not always aligned with the field lines. This suggests that the gas motion has both parallel and perpendicular components near the filaments, whereas the time average produces the net gas flow into the filaments. We also notice that the line mass in a filament tends to increase if the velocity vectors and field lines are in a similar direction as suggested in Figure   6 (b), which shows that the growth of a filament is achieved by the flow along the field lines.
Each filament contains dense cores. Formation of similar dense cores is observed in the non-MHD numerical simulations of a cloud-cloud collision by Takahira et al. (2014) , which is due to cloud self-gravity. In order to characterize the cores we applied the clump-find algorithm to the filaments at n threshold , and identified 777 cores in total in 0.7 Myr as shown in Figure   5 (b). In each epoch the physical parameters including mass, size, average density of the dense cores are derived for density above 10 5 cm −3 . The mass of a core is a sum of all of the pixels, and the size of a core is calculated as a geometrical mean of three major axes, which are derived by fitting a spheroid with three semi-major axes a, b, and c. The maximum mass of a core attained is close to 100 M with size of 0.1 pc at density above 10 5 cm −3 , while it depends on the threshold density adopted. The aspect ratios a/b and b/c are mostly a range of 1 -3 with an average of 1.9 -2.5, indicating that they are not spherical: 15% of the cores are spherical, 35% prolate and 50% oblate. For the prolate and oblate cores we made histograms of an angle between the major axis and the field lines in Figure 8 (a) and the minor axes and the field lines in Figure 8 (b). We find that the prolate cores are aligned within 40 degrees to the field lines, while the oblate cores have minor axes with an angle to the field lines in a broad range of 10 -70 degrees. The former seems to be a natural result of the prolate core formation in a filament, while the oblate cores form more randomly.
3.3 A core mass function Figure 9 shows a core mass function for five epochs, and the ratio of the core mass M core to the effective jeans mass M eff j , which counts the turbulent and magnetic pressure in addition to the thermal pressure, and to the jeans mass M j , which counts only the thermal pressure, as a function of the core mass at five epochs. The cores grow by the collisional compression.
We find an increase of the cores in a mass range 0.1 -10 M and the highest mass above 10 5 cm −3 reaches ∼ 60 M at 0.7 Myr. We see a clear signature of a top-heavy mass function extending beyond 10 M in Figure 9 . The ratio between the core mass and the effective jeans mass shows that most of the cores with mass more than 10 M are gravitationally bound and will become high-mass protostars as shown by Inoue & Fukui (2013) . Dense cores with mass less than 10 M are more weakly gravitationally bound. They may form low-mass stars if the core mass is greater than the jeans mass depending on the details of the gas dynamics. In this sense, the number density of the cores whose mass lies between 0.3 M and 10 M in Figure   9 gives an upper limit for the number density of the low-mass protostars. It is unlikely that cores less massive than the jeans mass form stars, while the less massive cores may grow into a more massive ones by mass accretion and coagulation, depending on the time scale before dissipation by ionization by the forming O stars.
Properties of the dense cores and O stars
The present results on dense cores allow us to obtain an insight into the O star formation by cloud-cloud collision. We first describe the formation of individual O stars in dense cores, and, second, present the predicted mass function and spatial distribution of multiple O stars.
4.1 O star formation and subsequent evolution in the shock compressed layer
In the shock-compressed layer, dense cores smaller than 0.1 pc with maximum mass close to 100 M are created (Inoue & Fukui 2013) . These cores have density more than 10 5 cm −3 and become gravitationally unstable. Inoue & Fukui (2013) showed that the mass accretion rate in the shock-compressed layer is greater than ∼ 10 −4 M yr −1 due to the enhanced effective sound speed, which is large enough to overcome the radiation pressure to form high-mass stars (Wolfire & Cassinelli 1987) . The formation time scale of a 15 M O star is estimated to be 15 M /10 −4 M yr −1 = 0.15 Myrs if a constant mass accretion rate is assumed. In this mass accretion phase, we expect molecular outflow is generated as driven by the accretion disk in a dynamical timescale of ∼ 10 4 yr (e.g., Machida et al. 2008) . When the star becomes as massive as 15 M , its surface temperature reaches 30000 K (Cox 2000) , which is high enough to emit significant ionizing photons to its surroundings. The ionization then proceeds at a typical speed of more than a few km s −1 (e.g., Hosokawa & Inutsuka 2005) , and in a few times 0.1 Myrs a radius of ∼ 1 pc will be ionized, while a significant portion of the neutral gas generally remains unionized outside of the radius.
The O star formation is a natural outcome of cloud-cloud collision, a rapid process which converts the low-density molecular gas to dense gas in 0.1 Myrs. It is essential that the compression is done not by self-gravity but by the magnetic-field guided supersonic flow. This rapidness is the key to collect large mass of 100 M into a 0.1 pc volume. If the collect process is slow in the order of the free fall time (∼ Myr for density 1000 cm −3 ), it is likely that the gas is consumed by formation of low-mass stars before being collected in the volume. for an average velocity of dense cores of ∼ 1 km s −1 (Figure 2 ). This indicates that the O star distribution is determined by the collision-formed filamentary distribution until gravitational relaxation becomes effective later, in more than Myr. The evolution of the stellar system in this phase is essentially similar to that given by N -body simulations (e.g., Fujii & Portegies Zwart 2015) . The filaments will be destroyed in the order of 0.1 Myrs by the ionization once the stars become as massive as 15 M , and the final mass of the formed stars, i.e., the O stars and their neighbors, are determined by the mass of the dense cores and the duration of the mass accretion until full ionization. In the following we assume for simplicity that the mass of the gravitationally unstable dense cores is converted into the stellar mass, while the conversion efficiency may be somewaht less than 1.0. In the present simulations no ionization is incorporated. In Figure 10 we draw a circle of the ionization front for each "O star" by assuming for simplicity that the ionization front proceeds at a uniform speed of 3 km s −1 after a dense core of 10 M having density 10 5 cm −3 appears. This allows us to have a rough idea on the dispersal of the filaments by ionization.
We obtain a further insight into the O star formation by inspecting column density in the filaments. Figure 11 shows the column density distribution in space for 8 regions of 1.5pc×1.5pc
in the y-z plane selected by the number of O stars and the distribution function of column density in each box, and indicates that O stars can be formed in isolation and/or in a cluster depending on the resultant column density. In the distribution function of column density in Figure 8 , the typical column density peaks are found at around 10 22 cm −2 . Formation of nearly ten O stars occurs in a filament with high column density tails beyond 10 23 cm −2 (Regions (2), (3), (4), and (6)). On the other hand, in a region of a single or no O star formation column density distribution is not beyond 10 23 cm −2 . We therefore conclude that cloud-cloud collision is a mechanism which preferentially forms high-mass stars.
Cluster formation scenario
A cloud-cloud collision creates massive dense cores, precursors of an O star, which are clustered in a filament. In order to illuminate the whole process of a cluster formation, we present a formation scenario of an O-star cluster as a two-step process, i.e., (i) pre-collision phase, and
(ii) post-collision phase, in the following. Similar discussion is given for two individual objects RCW38 and the ONC, from an observational point of view (Fukui et al. 2016; Fukui et al. 2018a ).
In the pre-collision phase, the two clouds independently form only low-mass stars from low-mass cores without mutual interaction if they are dense enough: a typical observed case is the Taurus cloud complex forming ∼ 20 low mass stars in a cloud having mass of ∼ 1000M , size of ∼ 5 pc and column density (1-10) × 10 21 cm −2 (Mizuno et al. 1995; Onishi et al. 1996; Onishi et al. 1998; Onishi et al. 2002) . The timescale of this phase can be as long as several Myrs, forming low-mass stars at a mass accretion rate of 10 −6 M yr −1 in the non-shocked condition as long as the cloud dispersal by outflows/winds is not substantial. The core mass function is shown in Onishi et al. (2002) , which indicates that the dense core of density 10 5 cm −3 have mass range from 1 to 10 M , which can be roughly converted to a stellar mass range from 0.1
Suppose an accidental collision between such two clouds happens at a supersonic velocity in the order of 10 km s −1 , the collision rapidly creates the collision-compressed layer in ∼ 0.1 Myrs to form massive dense cores (the post-collision phase). The moment of the collision is subject to a stochastic process among the clouds in the Galactic disk with a typical mean free time of less than 10 Myrs depending on the cloud number density as shown by numerical simulations (e.g., Kobayashi et al. 2018 ; see also Fujimoto et al. 2014; Dobbs et al. 2014 ). The number of O star(s) depends on the cloud column density. Based on the previous observations of cloud-cloud collisions, Fukui et al. (2018a) showed that a single O star can be formed for total column density of 10 22 cm −2 , and that formation of nearly ten O stars requires total column density as high as 10 23 cm −2 at a 1-pc scale. Clouds with column density below 10 22 cm −2 will grow in mass by collision without O star formation.
Subsequently, the massive dense cores form O stars which ionize the clouds and suppress subsequent star formation, details of which depends on the number of the O stars, and density and size of the clouds. In the end of this phase a cluster becomes exposed by ionization, and the emerging cluster consists of old low-mass stars extended over the clouds and young O star(s) localized within the colliding area. Consequently, the age of the low-mass members can be distributed from 1 Myr to several Myrs as determined by the collision mean free time, and the age of the O stars is peaked just after the collision with a short duration in the order of 0.1 Myrs. Such a short time duration is supported by the detailed observations of stellar ages in two clusters NGC3603 and Westerlund1 (Kudryavtseva et al. 2012) . In ∼ 1 Myr after the O star formation the ambient gas will be fully ionized and dispersed as seen in NGC3603 and Westerlund1. After the ionization, gravitational relaxation will redistribute the filamentary O stars into a more centrally concentrated stellar cluster in a few Myr, as is modeled by the N -body numerical simulations (e.g., Fujii & Portegies Zwart 2015) .
For example, the ONC and RCW38 correspond to the earliest post-collision phase of 0.1 Myr after collision, and NGC3603 is of 2 Myrs after the ionization. The pre-collision phase is not easily recognized observationally at a usually distance of O stars more than 1 kpc because a pre-collision cluster without O stars is not obvious in the Galactic plane due to extinction and contamination.
Comparison with observations of O stars triggered by a cloud-cloud collision
Recent studies show that cloud-cloud collision is an essential process in high-mass star formation. Observationally, cloud-cloud collision is found in many high-mass stars associated with molecular clouds which are not fully ionized. In the literature more than 50 such objects a. Cloud-cloud collision is a mechanism of rapid formation of massive dense cores with density of 10 5 cm −3 up to ∼ 60 M in 0.1 Myr, which is characterized by a top-heavy mass function. The massive dense cores are gravitationally unstable and lead to O star formation under the high-mass accretion rate which satisfies the criterion to overcome radiation pressure.
Cloud-cloud collision is therefore a mechanism of O star formation. Less massive dense cores are also formed more in number than the massive dense cores in the collision compressed layer, while a small fraction of them perhaps becomes gravitationally unstable to form low-mass stars.
b. The colliding gas flow of 10 km s −1 is quickly decelerated to around 1.5 km s −1 in the collisional-shocked layer, where the velocity vector becomes randomized. The collisioncompressed layer of ∼ 1 pc thickness becomes filamentary with 0.1-pc width, where the gas flow is guided to a filament by the magnetic field lines. The formation of the filament is not due to the self-gravity and is, therefore, more rapid in ∼ 0. O star formation takes place in a region with high column density above 10 23 cm −2 ( Figure   11 ). In the following, we compare the present results with RCW120 and M20 as a typical region of single O star formation triggered by cloud-cloud collision (Torii et al. 2011; Torii et al. 2015; Torii et al. 2017 ). The comparison shows that the synthesized distribution of an O star and low-mass stars formed by the trigger match the observed properties of the stars.
RCW120
RCW120 is a typical Spitzer bubble with a single O star within a dust cavity and has been studied extensively at various wavelengths (e.g., Deharveng et al. 2009 ). The O star is located inside the cavity enclosed by a curved wall of ∼ 1 pc thickness, and the cavity wall includes ∼ 140 low mass stars, at least ∼ 50 % of which are likely YSOs, as shown in Figure 14 In the scenario the small cloud entered from the northeast of the large cloud, where the cavity has currently an opening as created by the small cloud. After travelling over ∼ 4 pc from the northeast to the southwest, the small cloud is fully dissipated into the cavity wall at present.
The O star and ∼ 20 YSOs concentrated near/in the southwest of the cavity wall having ∼ 1-pc thickness lend support for the collisional compression from the northeast (Figure 14) . We interpret that these young stars are the products of the trigger in the common compressed layer of pc-scale thickness. There are more than ten YSOs clustered along the wall at a length of 1 pc, which possibly correspond to filamentary distribution as predicted by the cloud-cloud collision. We present a possible scenario that the first massive dense core is formed, leading to the O star formation, and then several dense cores in the nearby filaments form YSOs (e.g., in Region (2) of Figure 11 ). This process is qualitatively consistent with the O star and ∼ 20
YSOs in RCW120, about ten of which seems filamentary. When the O star was formed, the ionization starts, and the compressed layer is ionized at a radius around 1 pc in ∼ 0.1 Myrs. A possible half-circular boundary is marked for this HII region having ∼ 1-pc radius in Figure 14 .
The ionized mass by the O star is estimated to be 200 M (Torii et al. 2015) , and is consistent with the initial molecular mass within a semi-circular HII region of 1-pc radius. Most of the inner surface of the cavity wall is irradiated by the O star and is being ionized slowly at distance larger than 1 pc from the O star.
In order to understand the collision more quantitatively, we explore the physical parameters. For the sake of discussion, we approximate the cavity of RCW120 by a cylinder of 1.5 pc radius and 4 pc length as shown in Figure 14 , while the model ignores the curved shape of the cavity for simplicity. At an end of the cylinder, the collision-compressed layer of the same radius lies with a 1-pc thickness. The related physical parameters, density, mass etc., are summarized in Table 3 . The average density of the two clouds is taken to be 300 cm −3 initially and it increases to 3000 cm −3 in the compressed layer. The observed parameters match the model parameters in Table 3 . The total cloud mass within the cavity prior to the collision is 500 M and the final total mass of the collision compressed layer is 1000 M . The collision-compressed layer consists of the pre-existent large cloud merged with the compressed layer. The column density of the layer is estimated to be ∼ 10 22 cm −2 from CO observations (Torii et al. 2015) , which is consistent with the present results. Part of the collision compressed layer in RCW120
is converted to the O9 star having 15 M in addition to around 20 low mass stars in the bottom of the cavity wall. The stellar mass formed by the trigger is then roughly estimated to be around 40 M (15 M + 20 × 1 M ), and a ratio of the stellar mass to the total mass of the stars and gas becomes 40 M /3040 M ∼ 1 %.
For RCW120 a conventional model is the collect collapse scenario which is driven by the ionizing star (Zavagno et al. 2007; Deharveng et al. 2009 ). As discussed above, however, the cloud-cloud collision offers a better explanation of the observed properties of RCW120. One of the important observed properties is that the bubble is not circular symmetric as opposed to the conventional picture of "complete bubble" (e.g., Zavagno et al. 2007 ). Figure 15 . We see an ionized cavity of 0.3 pc centered on the O star. These stars including O7.5V(III), A2Ia, B6V, Be, F3V, and a few more are aligned in a filamentary distribution of ∼ 0.2 pc length with a few stars more scattered within an area of 0.5 pc × 0.5 pc. The molecular mass toward the cluster is roughly estimated to be 100 M for 0.5 pc × 0.5 pc for column density of 3 × 10 22 cm −2 and the total stellar mass is 40 M . Separations between these stars as listed by Rho et al. (2008) are shown in Figure   12 (c), and seem to be consistent with the prediction of the present results. The M20 cluster is different from the isolated O star in RCW120, where the O star has no known nearby low-mass stars. In both M20 and RCW120 a core mass function is not available yet. function, which will be rapidly lost by ionization in Myr.
RCW38
As the best cluster for comparison we focus on RCW38 the youngest super star cluster where O We test the physical parameters of the clouds into more detail. The total number of the massive dense cores and O star candidates in RCW38 is ∼ 40 for an area of ∼ 0.5 pc × 0.5 pc (Table 4) , and the projected density of cores/O stars is ∼ 160 pc −2 , ten times higher than in Region (6) of the present synthetic observations. The age of RCW38 is in the order of 0.1 Myrs, which is significantly shorter than 0.7 Myrs of the present model. These suggest that the initial density of the parent cloud of RCW38 may be significantly higher than the present initial density 300 cm −3 . Inoue & Fukui (2013) showed a case of the initial density 1000 cm −3 , three times higher than the present model (Model No. 4 in Inoue & Fukui 2013 ) which indicates more rapid dense core formation and higher column density in the compressed layer. A rough estimate indicates that the initial density more than 10 4 cm −3 may be appropriate to explain these differences, which needs to be confirmed by further MHD simulations. We may need more objects to be tested, whereas most of the other massive clusters in the Milky Way studied so far into detail are not so young as RCW38. The only possible exception is the ONC, which is worth testing by a uniform survey for dense cores with ALMA over the collisional area. The collisional age of the O stars in the ONC is 0.1 Myrs (Fukui et al. 2018a ) and such observations will shed new light on the issue.
W43
W43 is a remarkable mini-starburst in the Milky Way which attracted keen interest in understanding high mass star formation, and considerable efforts have been devoted to resolve star formation there (Motte et al. 2018 and references therein). Recently, Kohno et al. (in prep.) made a detailed analysis of the molecular clouds in W43 and found evidence for multiple cloudcloud collisions in triggering high-mass star formation. So, W43 is another region where we are able to test the signatures of cloud-cloud collision. In one of the proto clusters in W43 main new ALMA observations were used to resolve dense cores with unprecedented details by Motte et al. (2018) . These authors obtained a core mass function of 130 dense cores with density ∼ 10 7 -10 10 cm −3 covering a mass range 1 -100 M in dust continuum emission with a mass detection limit of 1.6 M , whereas linewidths and other kinematic information are not available at present. Figure 17 shows the dust image (Motte et al. 2018 ) where we find highly filamentary dust distribution with a number of dense cores. The filaments have ∼ 0.1-pc width and ∼ 0.5-pc length and the mass of the dense cores are derived by the authors. The separations between the dense cores as shown in Figure 12 (e) have a peak at ∼ 0.4 pc, which is similar but somewhat smaller than in RCW38. The core mass function is plotted from Motte et al. (2018) in Figure   13 and shows that the core mass function is consistent with the present one in particular at the high-mass end of the present function in a range 6 -60 M . The formation of filaments and dense cores by a cloud-cloud collision is a plausible mechanism applicable to W43.
Dependence on the model parameters
The present results depend on the parameters adopted in the simulations by Inoue & Fukui (2013) . The model is idealized as compared with the real cloud-cloud collision, whereas no fine tuning of the parameters is made. We discuss possible changes of the model parameters for a future more-refined model construction.
The size of the collision area 8 pc × 8 pc is larger than the typical area of 1 pc 2 in the cloud-cloud collisions in the Milky Way. This difference perhaps causes higher gas peak column density in the present results than a smaller area by collecting mass in directions perpendicular to the collision. The size of the model cloud length, which is assumed to be as long as 7 pc by setting the final epoch to be 0.7 Myr, is also longer than the typical real clouds. The small length can lead to a decrease of collision density of one of the clouds, and thus needs a nonsteady simulation where one of the flows decreases in density in time. In RCW120 such time dependence may facilitate a more realistic picture of triggered star formation which has a size of the small cloud ∼ 4 pc.
The other effect which can be significant is the stellar feedback, in particular, ionization which is not incorporated numerically in the present model. Such inclusion of ionization was undertaken by Shima et al. (2018) in a two cloud collision case, and will be made separately from the present paper as a future work. This will allow us to have a more realistic picture of the formed cluster.
Another concern is density and velocity adopted as the initial condition. RCW120 and M20 seem to be relatively well fit by the present parameters, whereas the more active star formation in RCW38 and W43 may suggest higher initial density than the present model as shown by the shorter timescale less than 0.1 Myr of O star formation in RCW38 and the numerous O star candidates in W43. We will need therefore test density dependence of the star formation. These wider ranges of the model parameters will help to gain an insight into the outcomes in cloud-cloud collision.
Finally, the relationship between the dense cores and the stellar mass is to be better quantified, while in the present work we simply assume that the core mass at density higher than 10 5 cm −3 corresponds to the stellar mass. It is possible that the conversion is incomplete and a fraction of the core mass becomes a star. Such an attempt is found in Motte et al. (2018) .
We will explore this issue along with the above tasks in future modeling.
Comparison with the other mechanisms of high-mass star formation
We compare the cloud-cloud collision as the mechanism of high-mass star formation with the other mechanisms, the competitive accretion and the monolithic collapse.
The competitive accretion is a mechanism of formation of a massive cluster having ∼ 2000 M like the ONC. The initial state is a massive aggregation which is self-gravitating and evolves by self-gravity in a timescale of a few Myrs (Bonnell et al. 2001 ). In the early phase low-mass stars are mainly formed under the low-density condition and in time the dense gas segregate into the central part. In the final phase, the central gas becomes dense enough to form high mass stars, and forms centrally condensed high-mass stars in a cluster like the ONC. The scenario is therefore able to explain the basic observed properties of such massive clusters. A weakness of the competitive accretion is that there are many isolated O stars and small clusters with a single O star, which include M20, RCW120, GM24, RCW79, etc. and a number of single/several O stars with a small mass less than 1000 M (section 5.1, see also the papers in the special issue on cloud-cloud collision of PASJ in 2018). In the competitive accretion in order to form O stars, the total system mass needs to be large. A usual scenario to explain isolated O stars is a gravitational sling shot (e.g., Leonard & Duncan 1988) , which requires a large bound cluster nearby. It is however not often the case, and cannot be a common mechanism to explain O stars in isolation (e.g., Harada et al. 2019 ).
The cloud-cloud collision scenario for cluster formation is described in section 3.3. The ONC-type cluster is formed by low-mass star formation in a massive pre-collision cloud and the O star formation after the collision toward dense gas in the center of the pre-collision cloud.
Since a large range of the cloud mass is allowed, a wide range of the cluster mass from ∼ 100 M to a few 1000 M is explicable in this scenario. Another difference of the cloud-cloud collision from the competitive accretion is that the O stars are formed not in the cluster center but on one side of the central dense gas being collided. In fact, in the ONC the O stars show little extinction toward us indicating that the O stars are on the near side of the cloud core but not in the cluster center. This location is consistent with the collision scenario for the ONC (Fukui et al. 2018a ), but is not readily explained by the competitive accretion. by assuming the initial condition, 100 M molecular mass within 0.1 pc radius, and showed that the cloud undergoes rapid collapse to form O stars in 10 4 yrs. These authors concluded that O stars can be formed by self-gravity without an external trigger. We pay attention to the initial condition which is dense and massive, favoring O star formation. The condition was adopted from observations toward O star forming regions like the ONC, W3(OH) and a protostar candidate IRAS 05358+3543 in an HII region S235 (Beuther et al. 2007 ). Recent papers show that the initial conditions are mostly taken in the region of cloud-cloud collision; the ONC was studied by Fukui et al. (2018a) and a cloud-cloud collision was discovered as the trigger. W3(OH) and S235 are analyzed by Sakasai et al. (in prep.) and Konho et al. (in prep.) and cloud-cloud collision is found as a trigger. These suggest that the massive dense cores adopted as the initial condition for high-mass star formation but are rather the outcome of cloud-cloud collision. It is thus possible that the monolithic collapse is considered as the evolution of dense massive cores which are formed in the collision-compressed layer.
Conclusions
In order to obtain a better insight into the star formation triggered by cloud-cloud collision, we analyzed the simulation data of colliding molecular flows made by Inoue & Fukui (2013) . The main conclusions of the present study are summarized below.
1. The two supersonic molecular flows in head-on collision at a relative velocity of 20 km s −1 create a shock compressed layer of 1-pc thickness. In the layer, velocity is decelerated rapidly and gas density becomes higher by two orders of magnitude. The gas distribution is characterized by filamentary distribution at pc scale, which is elongated perpendicular to the field direction. The gas flow along the field increases the filamentary mass, and dense cores are formed in the filaments. The dense cores have size and mass of 0.01 -0.1 pc and 1 -100 M , respectively. The most massive cores reach ∼ 60 M at density above 10 5 cm −3
within a radius of 0.1 pc and the cores more massive than 10 M become gravitationally unstable. They are plausible precursors of high-mass protostars.
2. The present results provide a comprehensive scenario as an alternative to the two conventional scenarios of high-mass star formation, i.e., the competitive accretion and the mono- 
(6) (7)
toward massive cores (×10)
(6) Table 1 of Rho et al. 2008) , (d) RCW38 dense condensations (Torii et al. 2019 ) and OB-star candidates (Wolk et al. 2006) , and (e) W43 cores (Motte et al. 2018) . Table 2 . Mass of dense gas t
Mass (M )
n > 10 4 cm −3 n > 10 5 cm −3 n > 10 6 cm −3 0.2 5.6 × 10 4 --0.3 8.1 × 10 4 6.2 × 10 2 -0.4 1.1 × 10 5 6.2 × 10 3 1.1 × 10 2 0.5 1.9 × 10 5 1.9 × 10 4 5.6 × 10 1 0.6 2.6 × 10 5 3.7 × 10 4 7.7 × 10 2 0.7 3.7 × 10 5 5.8 × 10 4 2.7 × 10 3 (a) nH 2 was calculated from MH 2 assuming a sphere with a radius of r.
